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The coronavirus nucleoprotein (N) has been reported to be involved in various aspects of virus replication. 
We examined by confocal microscopy the subcellular localization of the avian infectious bronchitis virus N 
protein both in the absence and in the context of an infected cell and found that N protein localizes both to the 


cytoplasmic and nucleolar compartments. 


Coronaviruses are enveloped viruses with positive-stranded, 
capped and polyadenylated RNA genomes ranging in size be- 
tween 28 and 32 kb (15). The coronavirus family, Coronaviri- 
dae, has been grouped together with the arterivirus family, 
Arteriviridae, into the order Nidovirales (5). The virus families 
have many similarities. The 5’ two-thirds of the nidovirus ge- 
nome encodes the replicase gene producing two polyproteins, 
Repla and Replab, the latter resulting from a -1 frameshift. 
The remaining proteins are expressed from a nested set of 
subgenomic mRNAs (sgRNAs) that are produced via a dis- 
continuous transcription mechanism. In the genus Coronavirus, 
these proteins include the structural proteins, spike (S), enve- 
lope (E), membrane (M), and nucleoprotein (N), and several 
other proteins of unknown function. In both virus families, the 
virus replication complexes are thought to be membrane asso- 
ciated (24, 28, 29, 35). 

While gene function and distribution between the two fam- 
ilies are similar, there are some differences that might lead to 
subtle differences in replication strategies. Rowland et al. (26) 
recently reported, following the use of confocal microscopy, 
that the arterivirus porcine reproductive and respiratory syn- 
drome virus (PRRSV) N protein localizes to both the cyto- 
plasm and nucleolus in infected cells. In contrast, the corona- 
virus N protein has previously been thought to localize only to 
the cytoplasm (17). Using confocal microscopy, we decided to 
investigate the intracellular localization of the coronavirus N 
protein in both the absence and presence of other viral pro- 
teins. 

Coronavirus N proteins vary from 377 to 455 amino acids in 
length, are highly basic, and have a high (7 to 11%) serine 
content, which are potential targets for phosphorylation. Se- 
quence conservation of the N proteins within the genus is low. 
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Three groups of coronaviruses have been identified. The N 
proteins of the coronaviruses avian infectious bronchitis virus 
(IBV; group II) and porcine transmissible gastroenteritis virus 
(group I) have only 29% identity with that of bovine corona- 
virus (group II). Within the group II coronaviruses, the N 
proteins of murine hepatitis virus and bovine coronavirus share 
only 70% identity (16). Based on sequence comparisons, three 
structural domains have been identified in the coronavirus N 
protein (23), of which the middle domain was identified as a 
potential RNA binding domain (18, 21), capable of binding 
both coronavirus- and non-coronavirus-derived RNA se- 
quences in vitro (18, 31). No functions have been ascribed to 
the other two domains. 

The coronavirus N protein is the most abundant virus-de- 
rived protein produced throughout infection, probably because 
its template mRNA is the most abundant sgRNA (11, 13) 
produced during transcription (12). Several functions have 
been postulated for the coronavirus N protein throughout the 
virus life cycle (17). Primarily, it complexes with the coronavi- 
rus genomic RNA to form a ribonucleocapsid structure (8), 
and it has been observed, together with the M protein, to be a 
component of the viral core (25). The N protein has been 
shown to associate with the leader RNA sequence (2, 22) 
located at the 5’ end of the genomic RNA and/or to sequences 
at the 3’ end of the genomic RNA (41). As these regions are 
believed to be involved in synthesis of coronavirus RNA, the N 
protein has been postulated to have a role in replication of the 
genomic RNA (6, 7), in transcription of coronavirus ssRNAs 
(2, 31), and in translation from the sgRNAs (33). However, 
replication and transcription have been shown to occur in the 
absence of N protein in the arterivirus equine arteritis virus 
(20), although N protein may still have some nonessential 
involvement in this process. 

Expression of N protein in the absence of other viral pro- 
teins. To investigate the intracellular distribution of a corona- 
virus N protein, the N gene of the Beaudette strain of the avian 
coronavirus IBV was inserted into the eukaryotic expression 
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vector pCi-Neo (Promega) such that expression of the N gene 
was under the control of a cytomegalovirus (CMV) polymerase 
II promoter. The IBV N gene was produced by PCR, using Pfu 
polymerase (Stratagene), from a plasmid containing an au- 
thentic copy of the Beaudette N gene (3). An oligonucleotide 
(GTCATGGCAAGCGGTAAAGCAGC) corresponding to the 
5’ end of the IBV N gene, which contained an optimal Kozak 
sequence (14), and an oligonucleotide (TCAAAGTTCATTC 
TCTCCTA) complementary to the 3’ end of the IBV N gene 
were used for the PCR. The resulting PCR product, corre- 
sponding to the IBV N gene, was initially inserted into pTarget 
(Promega) that had been circularized and then digested with 
Smal, creating pT-N. The IBV N gene was excised from pT-N 
by digestion with XhoI and NotI and directionally inserted into 
pCi-Neo (Promega), such that transcription of the IBV N gene 
was under the control of the CMV promoter, thus generating 
pCi-N; the sequence was confirmed. 

Vero cells (10° per 9.6-cm? dish) were transfected with 2 pg 
of pCi-N and 50 wg of Lipofectamine (GibcoBRL). Cells were 
grown on coverslips and fixed 24 h posttransfection with 50% 
methanol-50% acetone for analysis by indirect immunofluo- 
rescence using rabbit anti-IBV polyclonal sera (19) followed by 
fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit an- 
tibody (Harlan Sera-Lab). The IBV N protein expressed from 
pCi-N was observed to be distributed throughout the cyto- 
plasm (Fig. 1A and B) and to be colocalized to a structure 
within the nucleus, tentatively identified as the nucleolus (Fig. 
1C). While the number of transfected cells remained constant, 
the number of cells in which the N protein was colocalized to 
the nucleus varied each time the experiment was repeated. To 
confirm that the identified structure was the nucleolus and that 
N protein colocalized with this structure, cells were stained 
with propidium iodide to visualize nuclear DNA and nucleoli. 
Fluorescent images were obtained from the same 0.5-~m op- 
tical section by using a confocal microscope (Leica) and the 
appropriate filters to identify IBV N protein (Fig. 1D) and 
nuclear DNA (Fig. 1E). The images were digitally superim- 
posed to depict the distribution of N protein and nuclear DNA 
(Fig. 1F). Nucleoli were identified as distinct regions within the 
nucleus in images from both optical sections, and localization 
of the IBV N protein to the nucleolus was confirmed (Fig. 1D 
and E). 

Expression of viral proteins in the context of an IBV-in- 
fected cell. Vero cells (10° per 9.6-cm? dish) were infected with 
a Vero-adapted strain of IBV at a multiplicity of infection of 1 
and fixed 24 h postinfection. The IBV-infected fixed cells were 
stained with propidium iodide, to visualize nuclear DNA, and 
analyzed by indirect immunofluorescence as before to deter- 
mine whether any of the IBV proteins were localized to the 
infected cell nucleoli. Confocal images corresponding to the 
IBV proteins and nuclear DNA were gathered separately from 
the same 0.5-1.m optical section. IBV proteins were observed 
to localize in only the cytoplasm (Fig. 2A) and in the cytoplasm 
and nucleolus (Fig. 2B). A similar result was observed in cells 
infected with PRRSV, up to 75% of which showed localization 
of the PRRSV N protein to the nucleolus 24 h posttransfection 
(26). However, in 90% of the IBV-infected cells, no IBV pro- 
tein was detected in the nucleus. A possible reason for the 
observation that fewer IBV-infected cells showed localization 
of an IBV protein(s) to the nucleolus is the number of cells 
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undergoing mitosis. Nucleoli are absent from mitotic cells (1). 
For example, cells in which no IBV protein was observed in the 
nucleolus (Fig. 2A) contained two nuclei, indicating that they 
were undergoing mitosis. In contrast, cells in which IBV pro- 
tein was found to be localized to the nucleolus (Fig. 2B) con- 
tained only one nucleus, indicating that they were in interphase 
and that rRNA synthesis and assembly were taking place as a 
consequence of the presence of nucleoli. 

Based on the expression profile of the IBV N protein from 
pCi-N, in the absence of other IBV proteins, the most likely 
IBV protein localizing in the nucleoli of infected cells is N. The 
other IBV structural proteins, S, M, and E, all contain trans- 
membrane domains and are localized to the virus envelope; 
they require processing through the endoplasmic reticulum 
pathway and are not observed in the cytosol. In confirmation, 
no nucleolar localization of the IBV M protein was observed 
following expression of the M protein under the control of a 
CMV promoter (data not shown). The observation that an IBV 
protein, presumably N, can localize to the nucleolus in virus- 
infected cells indicated that the nucleolar localization of the 
IBV N protein expressed from the CMV promoter was not an 
artifact of the expression system. Localization of the N protein 
to the nucleoli is not a phenomenon limited to coronaviruses. 
The observation that in an arterivirus, PRRSV (26), and a 
coronavirus, IBV, N protein colocalizes to the nucleoli of in- 
fected cells is a phenomenon probably common to these two 
virus families and potentially common to all Nidovirales. 

Targeting of an exogenous protein to the nucleolus. To in- 
vestigate whether the IBV N protein could be used to transport 
an exogenous protein to the nucleolus, a reporter gene was 
fused to the carboxy terminus of the N protein. The IBV N 
gene was produced by PCR as before except that the oligonu- 
cleotide (AAAGTTCATTCTCTCCTA) complementary to 
the 3’ end of the N gene contained a leucine codon in place of 
IBV N gene translational stop codon. The resulting PCR prod- 
uct was inserted into pcDNA3.1/CT-GFP-TOPO (Invitrogen); 
the resulting plasmid, pN-GFP, consisted of a chimeric IBV 
N-green fluorescent protein (GFP) gene in which GFP fluo- 
rescence was dependent on translation of the N-GFP fusion 
protein. 

Vero cells (10° per 9.6-cm? dish) were transfected with 2 pg 
of pN-GFP and 50 yg of Lipofectamine, incubated for 24 h, 
fixed, and analyzed by indirect immunofluorescence as before 
except that rabbit anti-IBV antibodies were detected using an 
anti-rabbit Alexa Fluor 564 (Molecular Probes). The differen- 
tially fluorescing N protein (Fig. 3A) and GFP (Fig. 3B) images 
were gathered separately as before and then digitally superim- 
posed to depict the relative distributions of the two proteins 
(Fig. 3C). To investigate whether GFP could localize to the 
nucleolus without being fused to the IBV N protein, Vero cells 
were transfected with a plasmid expressing GFP. No nucleolar 
localization of GFP was observed (Fig. 3E and F). These re- 
sults demonstrated that the IBV N-GFP fusion protein colo- 
calized to both the cytoplasm and nucleolus, indicating that the 
IBV N protein moiety directed GFP to the nucleolus. In ap- 
proximately 90% of the cells transfected with pN-GFP, the 
IBV N-GFP fusion protein did not colocalize to the nucleolus 
(Fig. 3D), a result similar to that observed when IBV N protein 
was expressed either alone or in the context of an IBV-infected 
cell. Expression of a PRRSV N-GFP fusion protein in trans- 
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FIG. 1. Vero cells were transfected with pCi-N, incubated for 24 h, fixed, and analyzed by indirect immunofluorescence using rabbit anti-IBV 
sera and FITC-labeled goat anti-rabbit antibodies. Additionally, cells were stained with propidium iodide (D to F) to visualize nuclear DNA. For 
images A to C, the fluorescing protein images were gathered from different 0.5-m optical sections by using a confocal microscope and the 
appropriate filter; for images D to F, the differentially fluorescing IBV N protein (D) and nuclear DNA images (E) were gathered separately from 
the same 0.5-j.m optical section by using a confocal microscope and appropriate filters. The two images were digitally superimposed to depict the 
distribution of the IBV N protein and nuclear DNA (E). Each arrow indicates the position of a nucleolus. Magnification, x63. 
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FIG. 2. Vero cells were infected with IBV Beaudette at an multiplicity of infection of 1, incubated for 24 h, fixed, and stained in propidium 
iodide to visualize nuclear DNA. Indirect immunofluorescence using rabbit anti-IBV sera and FITC-labeled goat anti-rabbit antibodies was used 
to detect IBV proteins. For each image, the differentially fluorescing protein and nuclear DNA images were gathered separately from the same 
0.5-y.m optical section by using a confocal microscope and appropriate filters. The arrow indicates the position of a nucleolus. Magnification, x63. 


fected cells also led to the colocalization of the fusion protein 
to both the cytoplasm and nucleolus, although the distribution 
between the two regions was not detailed (26). 

Murine hepatitis virus has been shown to replicate in enu- 
cleated cells (38), indicating that the nucleus is not required for 
coronavirus replication. However, our data have shown that 
the IBV N protein can localize to the nucleolus as well as to the 
cytoplasm. In each instance, N protein in IBV-infected cells, 
expressed alone or as a fusion protein with GFP, was localized 
either in the cytoplasm but not in the nucleoli or in both 
regions of the cell. These results are in accordance with those 
described for the expression and colocalization of the arterivi- 
rus PRRSV N protein (26). The number and size of nucleoli in 
a cell varies during the cell cycle (1): multiple nucleoli are 
present at the beginning of G, (Fig. 1F), and a single nucleolus 
is present during the later stages of G,, S, and G, (e.g., Fig. LC 
and 3C). Nucleoli are absent or dissociated from cells during 
mitosis, which is consistent with the observation that localiza- 
tion of the IBV N protein to the nucleus of cells identified as 
undergoing mitosis never occurred (Fig. 2A). However, mitosis 
alone cannot account for the absence of N protein from the 
nucleoli in the majority of transfected or infected cells, which 
suggests that localization of the IBV N protein to the nucleoli 
might be dependent on a particular event(s) or phase of the 
cell cycle that the transfected or infected cell was in. 

The mechanism by which the IBV N protein was transported 
to the nucleolus was not elucidated in this study. However, the 
nucleolus is the site for rRNA synthesis and ribosome assem- 
bly, and as such many ribosomal proteins from the cytoplasm 
are transported to this structure (4). Based on comparison with 
other virus nucleolar localization signals (NuLSs) and deletion 
mutagenesis, Rowland et al. (26) identified two separate do- 
mains within the N terminus of PRRSV N protein that might 
target this protein to the nucleolus. Furthermore, experimental 
evidence indicated that the second region was sufficient to 


target PRRSV N protein to the nucleolus (26). Amino acid 
sequence comparison between the putative NuLS of PRRSV 
and IBV N protein indicated that the C-terminal region of the 
IBV N protein might contain the IBV homologue of the 
PRRSV N protein NuLS motif (Fig. 4A). Sequence compari- 
son indicated that the potential NuLS core motif identified in 
IBV strain Beaudette was conserved in 10 other strains of IBV 
(GenBank accession numbers are shown in brackets): Ark99 
[M85244], DE072 [AF203001], M41 [M28566], VicS [U528566], 
V5/90 [U52595], N2/75 [U52598], N1/62 [U52596], N9/74 
[U52597], QXIBV [AF199412], and KB8523 [M21515] (3, 27, 
32, 39). 

Many other RNA viruses contain RNA binding proteins. 
For example, the alphavirus RNA binding protein (capsid pro- 
tein) associates with alphavirus RNA and ribosomes to pro- 
mote disassembly and assembly of the virus particle (34, 36), 
and a ribosome binding site (RBS) has been identified (37). 
Sequence comparison between the RBS of eastern equine en- 
cephalitis virus and the IBV N protein identified a similar 
motif in N protein (Fig. 4A). Interestingly, the potential IBV 
RBS motif localizes to the same region as the putative NuLS 
(Fig. 4B), possibly because this is a lysine-rich region. One can 
speculate that the IBV N protein might associate with ribo- 
somal proteins, possibly as part of a strategy to control coro- 
navirus translation and/or as a by-product of a ribosome-me- 
diated uncoating of the viral core particle. 

In coronavirus-infected cells, host cell translation has been 
reported to be down-regulated (9, 30), while translation of 
virus-encoded proteins is up-regulated (33). This multifactorial 
regulation of translation during a coronavirus infection could 
be due to the coronavirus N protein. First, by localizing to the 
nucleolus, the coronavirus N protein might interfere with host- 
cell translation by disrupting the formation of new ribosomes 
and possibly the cell cycle. Second, by binding to the 5’ end of 
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FIG. 3. Vero cells were transfected with pN-GFP (A to D) or pGFP (E and F) and incubated for 24 h; IBV N protein was detected by indirect 
immunofluorescence using rabbit anti-IBV sera and anti-rabbit Alexa Fluor 564. The differentially fluorescing IBV N protein (A) and GFP (B) 
images were gathered separately from the same 0.5-j.m section and from different sections (D to F) by using a confocal microscope and appropriate 
filters; the two images were digitally superimposed (C to F). Each arrow indicates the position of a nucleolus. Magnification, <63. 
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A IBV N protein ATRGNSPAPRQORPKKEKKL 
PRRSV NUuLS (37) RGKGPGKKNKKKNPEK 
Consensus RG PA KN K EK 


IBV N protein RP-KKEKK LKKODDE 


RBS EEEV (95) KPGKRORMCMK LESD 
Consensus KP KK K KDOD 
B Potential RBS 


Fal 


RGNS PAPRQ' deoxacexc] ae 


Potential NLS 


IBV N (347) ATi 


FIG. 4. (A) Amino acid sequence alignments to identify a potential 
NuLS and an RBS on the IBV Beaudette strain N protein, using the 
PRRSV NuLS (26) and eastern equine encephalitis virus (EEEV) 
RBS (37) as a basis for comparison. Locations of the two potential 
motifs on the IBV N protein are also shown (B). Similar amino acids 
are shown in boldface; the start position of the appropriate amino acid 
on the full-length protein is indicated in parentheses. 


coronavirus-derived RNA (22), the N protein may be recruit- 
ing ribosomes for translation of viral RNAs. 

Alternatively, interaction of ribosomes with the coronavirus 
core could cause destabilization and release of genomic RNA. 
Similar processes have been observed with virus proteins that 
bind genomic RNA of alphaviruses (36), tobacco mosaic virus 
(40), and nodaviruses (10). The coronavirus N protein may 
therefore traffic to the nucleolus in association with ribosomal 
proteins resulting from disassembly of the coronavirus cores 
for the release of the genomic RNA. 
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